Malalignment of the cup in total hip arthroplasty (THA) increases the risks of postoperative complications such as neck cup impingement, dislocation, and wear. We asked whether a tailor-made surgical guide based on CT images would reduce the incidence of outliers beyond 10°from preoperatively planned alignment of the cup compared with those without the surgical guide. We prospectively followed 38 patients (38 hips, Group 1) having primary THA with the conventional technique and 31 patients (31 hips, Group 2) using the surgical guide. We designed the guide for Group 2 based on CT images and fixed it to the acetabular edge with a Kirschner wire to indicate the planned cup direction. Postoperative CT images showed the guide reduced the number of outliers compared with the conventional method (Group 1, 23.7%
Introduction
Improper acetabular cup alignment in THA correlates with an increased risk of neck cup impingement, dislocation, and wear [15, 21, 26] . To reduce these complications, a safe range of cup alignment or safe zone was defined by Lewinnek et al. as an abduction angle of 40°± 10°and anteversion angle of 15°± 10° [15] . With this range, the dislocation rate was reportedly 1.5% and outside this range increased to 6.1%. However, a correct preoperatively estimated orientation often is not achievable because surgeons cannot readily determine the intraoperative pelvic orientation [6] .
To reduce malalignment of the cup, various sorts of computer-assisted surgery have been introduced. Such systems can reduce the number of outliers, ie, the number of cases outside some previously defined safe zone [12, 22, 26] . However, most of these systems require an additional 15 to 46 minutes over conventional methods and considerable costs for installation and use per arthroplasty case [1, 14, 30] . The total cost of the equipment ranges from $125,000 to $277,000 [14] . One cost analysis shows the expenses for operating room and anesthesia professional fee are approximately $150 and $40, respectively, if the operation takes an additional 15 minutes [14] .
To address the additional time of the concerns, we developed a tailor-made surgical guide produced using a rapid prototyping (RP) technique for cup insertion surgery [10] . Like other tailor-made surgical guides [2, 3, 9, 23] , the surgical guide has a base part that fits on the bone intraoperatively and a guide part to achieve preoperatively planned alignment of the component on the basis of preoperative computed tomography (CT) images.
We asked whether (1) a tailor-made surgical guide based on CT images would reduce the incidence of outliers beyond 10°from preoperatively planned alignment of the cup compared with those without the surgical guide; (2) ''alignment accuracy of the cup placement'' (defined as the absolute difference between the preoperative and postoperative cup orientations) was better with the surgical guide than with the conventional technique; and (3) operating time and blood loss differed without and with the surgical guide.
Materials and Methods
From January to October 2008, one surgeon (MS) performed primary THAs on 69 patients (nine males, 60 females) with an average age of 63.9 years (range, 39-87 years) using the acetabular component (Trilogy; Zimmer, Warsaw, IN). The preoperative diagnosis was osteoarthritis in 54 patients, osteonecrosis of the femoral head in nine patients, and rheumatoid arthritis in six patients. We compared 38 patients (38 hips, Group 1) using the manual technique with 31 patients (31 hips, Group 2) using the surgical guide (Table 1) . This is because we considered more than 30 hips in each group was sufficient to address our first research question on the basis of some previous studies comparing an outlier of the range within 10°from the preoperatively estimated alignment of the cup between the cases with and without surgical intervention [12, 22] . Selection of the patients for the surgical guide was not randomized. We used the surgical guide in only the first scheduled case in each operating day when we had two or three THAs so as to allow sufficient time to prepare for the cases with a surgical guide.
We compared the number of cases postoperatively in each group that were outside a range of 10°from the preoperatively estimated alignment of the cup. We also compared alignment accuracy of cup placement, operating time, and amount of blood loss between the two groups. This study was approved by the Institutional Review Board, and all patients provided written informed consent.
To avoid any effect resulting from preoperative planning of the cup between the two groups, one of the authors (TH) performed three-dimensional planning of each patient's acetabular cup using CT images. Preoperative CT images of the whole pelvis were obtained using a 2.5-mm slice thickness, slice pitch of 3 mm (0.15:1), and pixel spacing of 0.781 mm (Light Speed Plus; GE Medical Systems, Milwaukee, WI). We produced a pelvic coordinate system using a software package (3D Template; Japan Medical Materials, Osaka, Japan), which provides multiplanar (coronal, sagittal, axial) reconstructed (MPR) views and digitally reconstructed plain radiographs (DRR) on each view. A coordinate system when taking the preoperative CT images was adjusted by a line joining the bilateral bottoms of the ischium in the coronal DRR view. Then, the adjusted pelvic coordinate system was defined as the preoperative pelvic coordinate system [10] . Alignment of the cup was referenced by the radiographic definition [19] : abduction was defined as an angle difference between the face of the cup and horizontal axis in the coronal view, and anteversion was defined as the angle between the acetabular axis and the coronal plane. Alignment of each cup was planned at 40°f or abduction; anteversion was planned using a range between 15°and 20°, because acetabular bony coverage and degree of femoral neck anteversion were considered [10] . These angles were defined as the preoperative cup orientation. Rotational and translational orientation matrix of the cup from the origin of the pelvic coordinate system were recorded for subsequent image processings. To match between preoperative and postoperative pelvic coordinate systems, we recorded the pelvic tilt on the sagittal DRR view, which is the angle between the line of the anatomic plane, through the bilateral anterior superior iliac spines, and the margin of the pubic symphysis and the vertical line.
We also recorded pelvic rotation on the axial MPR view, which is the angle between the line joining the bilateral anterior superior iliac spines and the horizontal line [10] . The CT images were transferred to image processing software (Virtual Place-M; Medical Imaging Laboratory, Tokyo, Japan) to reconstruct a polygonal three-dimensional pelvic model using the Marching Cubes method [17] . The surgical guide was designed by Visualization Toolkit libraries (Kitware Inc, Clifton Park, NY). The implant cup model was placed automatically in the acetabulum using the matrix data of the cup (Fig. 1A) . At the same time, we could know the correlation between the cup and the acetabulum three-dimensionally and some intact parts of the acetabular edge: the inferior acetabular edge overhung the cup and the top and 2 mm around the top of the posterior and superior acetabular edge (Fig. 1A) . These intact parts were used to shape the surgical guide for Group 2 in the following steps.
We designed the premodel of the surgical guide, which consists of a base and guide parts (Fig. 1B) . The base part, which is a cylindrical object, was placed overlapping the acetabular edge. The guide part is another cylindrical bore and was designed to parallel the direction of the planned cup using the matrix data of the planned cup. The guide part also contains cylindrical foramina to allow insertion of a 2-mm diameter Kirschner wire on the superior acetabulum intraoperatively. The pelvic model and the premodel of the surgical guide were exported in stereolithography format to Magics 11 (Materialise NV, Leuven, Belgium) software for spatial image processing to design the surgical guide. The guide part was combined with the base part. The base part was modified by spatially subtracting a part of the acetabular edge from itself (ie, Boolean subtraction). This modification provided an imprint of the part of the acetabular edge in the base part (Fig. 1C ). Furthermore, the modified base part was shaped by removing itself partly to fit on only the aforementioned intact parts of the acetabular edge ( Fig. 1D ). At the same time, some confirmation points were made to investigate adaptation between the surgical guide and the acetabular edge intraoperatively (Fig. 1E ). The surgical guide then was manufactured from a photosensitive medical-grade resin using an RP machine (Eden 250; Objet Geometries Ltd, Rehovot, Israel) ( Fig. 1F) .
The surgeon performed all operations using a modified posterolateral approach [8] with a 12-to 15-cm skin incision. In Group 1, we performed conventional THAs while observing images from the three-dimensional preoperative planning of the cup. These images simulated an overview of the shape of the acetabulum and a positional relationship between the acetabulum and the preoperative planned cup, which we could acquire if the surgeon intraoperatively observed the surgical field from the lateral position. Height of the inferior acetabular edge above the cup and the extent of the overhung part of the cup over the superoposterior acetabular edge were useful for determining cup alignment during seating of a trial cup [7] . Therefore, we used the images to avoid excessive malalignment of the cup. We also used a commercial-based mechanical guide (Lateral alignment flame; Zimmer) to avoid excessive malalignment of the cup. The angles of the mechanical guide were 45°for abduction and 20°for anteversion in operative definition (which means 46.8°for abduction, 14.0°for anteversion in the radiographic definition) [19] . In Group 2, slightly larger acetabular exposure than usual was required to place the surgical guide. The exposure was continued until we could see a 2 mm outer surface from the top of the rim of the inferior, posterior, and superior acetabulum where the guide was placed. After acetabular reaming during THA, the surgical guide was placed on the periacetabulum ( Fig. 2A ). Because the acetabular shape is not perfectly hemispheric and the height of the acetabular edge is asymmetric [13, 28, 29] , the surgical guide could be placed using the rather more complex shape of the acetabulum captured by the customized guide. Then, the Kirschner wire was inserted on the superior acetabulum through one foramen of the guide part. After removing the surgical guide (Fig. 2B) , cup fixation was performed while observing alignment of the Kirschner wire (Fig. 2C) . The time from setup to removal of the surgical guide was recorded. After cup fixation, the remaining steps of the THA, including femoral rasping and stem fixation, were performed using conventional procedures. In both groups, we recorded the operative time and intraoperative blood loss.
All patients had a CT scan 3 weeks after surgery. The pelvic coordinate system of the postoperative CT images was determined using our method. The postoperative pelvic coordinate system then was adjusted to match with the preoperative pelvic coordinate system using the pelvic tilt and rotation of the preoperative pelvic coordinate system [10] . The alignment of the cup that was measured after this modification was defined as postoperative orientation of the cup. Reproducibility of measurement of postoperative orientation of the cup was evaluated previously [10] . For abduction, the intraobserver and interobserver reliability using Pearson's correlation coefficient were 0.91 and 0.92, respectively, and for anteversion, the intraobserver and interobserver reliability were 0.94 and 0.88, respectively. The intraobserver and interobserver reliability for individual angle absolute differences were 1.6°and 1.1°, respectively, and for abduction, 1.7°and 1.7°, respectively, for anteversion. We investigated the incidence of outliers beyond 10°from preoperatively planned alignment of the cup in the two groups. We also investigated the alignment accuracy of cup placement, which was defined as the absolute angle difference between the preoperative and postoperative cup orientations. We determined differences in the incidence of outliers beyond 10°between the two groups using the chi square test. We also determined differences in the mean alignment accuracy of the cup placement between the two groups using the Mann-Whitney U test. To determine differences in variance of alignment accuracy of the cup placement, we used the F-test. In addition, we determined differences in the operation time and intraoperative blood loss using the Mann-Whitney U test. These were analyzed using statistical software (StatView 5.0; SAS Institute Inc, Cary, NC).
Results
The surgical guide reduced (p = 0.003) the number of outliers compared with the conventional method (Group 1, 23.7% [nine of 38 cases]; Group 2, 0% [zero of 31 cases]) ( Fig. 3 ; Table 2 ). For postoperative alignments of the cups for Group 1, the mean abduction was 38.4°(range, 27.9°-52.0°; standard deviation [SD], 5.6°) and the mean anteversion was 17.3°(range, 4.0°-35.8°; SD, 6.6°). For The accuracy of cup placement with the surgical guide was better than that of conventional placement in terms of differences of its average and variance (mean accuracy: for abduction, p = 0.01; for anteversion, p = 0.08; variance: for abduction, p = 0.007; for anteversion, p = 0.03) ( Table 2) .
We observed no differences in operative time (p = 0.06) or blood loss (p = 0.73) between the two groups ( Table 3 ). The mean time to use the surgical guide was 3.6 minutes (range, 2-7 minutes; SD, 1.6).
Discussion
Some efforts to reduce the malalignment of the cup are still required in conventional THAs because the conventional cases had more postoperative complications than the navigated ones [26] . We asked whether: (1) a tailor-made surgical guide based on CT images would reduce the incidence of outliers beyond 10°compared with those without the surgical guide; (2) accuracy of cup placement was better with the surgical guide than the conventional technique; and (3) operating time and blood loss differed without and with the surgical guide.
We note several limitations of our study. First, our study was not randomized. The selection of patients in whom the surgical device was used may reflect the surgeon's selection bias. We used the surgical guide only for the first case in each operation day to allow sufficient time in the cases with the surgical guide. Second, we did not evaluate costeffectiveness of the surgical guide and could not compare the cost-effectiveness of the surgical guide with that of navigation systems because the surgical guide we used is not available for commercial use. We also did not consider the radiation to the patient and the cost of the required CT scan. Because the mean additional time for the surgical guide was 3.6 minutes, we believe the cost for additional operation time would be saved in comparison to the additional operation time (15 to 46 minutes [1, 30] ) in the navigation system. The total cost of software to make the surgical guide ranges from approximately $15,000 to $30,000. It might depend on the number of licenses or the condition of the use of the software, which was based on whether its use was for academic research or for a private purpose. The cost for material of RP per case is approximately $50 to $100. It also might change with kinds of material. The cost of a RP machine is $120,000. However, this cost might be saved if this step is outsourced to some companies that provide RP [31] . Finally, the total cost for the surgical guide per case might become reasonable if the workflow for making the surgical guide are commercialized like a RP-based surgical guide for TKA [16] . The surgical guide reduced the incidence of outliers beyond 10°from the planned alignment of the cup. According to previous reports [4, 6, 12, 22, 25, 26] , 19.7% to 83.8% of the cases with conventional THAs did not achieve a range within 10°from the planned alignment of the cup. We suspect the reason our data reduced outliers compared with those of a conventional technique (23.7%) relates to the use of some images and/or the use of the mechanical guide. Compared with previous reports, the surgical guide is superior to conventional techniques and comparable to navigation systems (0%-25.3%) [4, 6, 11, 12, 22, 25, 26] (Table 2) .
We suggest the alignment accuracy of cup placement was better than the conventional technique in terms of differences of its average and variance. Compared with previous reports regarding alignment accuracy of cup placement, our results with the conventional technique are comparable to those of previous conventional technique groups, which are reported as 4.1°to 6.3°for abduction and 5.1°to 13.0°for anteversion [4, 12] (Table 2 ). Our data using the surgical guide are superior to those of previous conventional technique groups and comparable to previous navigation technique groups, which are reported as 3.6°to 4.2°for abduction and 4.2°to 5.3°for anteversion [12] ( Table 2) .
New surgical interventions may adversely affect operative time, subsequently increasing blood loss. However, the time for the surgical guide was, on average, 3.6 minutes. As a result, we found no difference in the operative time and blood loss between the two groups. The operation time and blood loss with the surgical guide were comparable to those reported for conventional and navigated THAs [12, 18, 20, 26] (Table 3) . Two previous reports suggest the navigation systems with an optical sensor take an additional 15 to 46 minutes of operating time over conventional procedures [1, 30] . We suggest this is because the system needs additional time for intraoperative registration steps and/or for specific surgical performances during acetabular reaming and cup fixation while looking for information on the monitor of the navigation system [24] . However, the surgical guide we used maintains the conventional intraoperative procedure. After acetabular reaming, we just place the surgical guide and insert the Kirschner wire through the surgical guide. Then, we perform cup fixation while observing alignment of the Kirschner wire as the alignment guide for the planned cup. A specific skill for the surgical guide is not necessary. We consider the reason the additional operation time using the surgical guide is shorter than the time needed to use the navigation system with the optical sensor is attributable to the simplicity of our surgical guide method. There are some drawbacks to the surgical guide. First, radiation exposure from the CT scans is a concern. However, we believe it may be justified by the benefits of the imaging information such as thickness and coverage of the acetabulum and femoral anteversion for implantation in three-dimensional planning. In addition, attempts have been made to develop low-dose radiation CT scans of the pelvis [5] . According to the previous study [5] , the radiation dose for the pelvis with 1-to 1.5-mm slice thickness was 1.7 mSv as opposed to 10 mSv for a traditional pelvic CT scan. By comparison, the radiation doses from plain anteroposterior and lateral pelvic radiographs are 0.7 mSv and 0.8 mSv, respectively. Second, preoperative planning and manufacturing time for the surgical guide are necessary. The design of the surgical guide takes approximately 60 to 120 minutes and manufacture of the guide takes approximately 90 to 120 minutes. However, we believe the additional time before surgery must be separated from the additional intraoperative time because only the latter affects the status of the patients. Apart from the manufacturing time, preoperative planning time might be shortened if dedicated computer software was made for the surgical guide. Third, the surgical guide we used provides only alignments of the cup, unlike some navigation systems, which support cup position, femoral offset and alignment, and cup alignment [26] . Improvement of the design of the current surgical guide and application of a tailor-made surgical guide for femoral prostheses are necessary to address some cases that need the adjustment for severe limb length discrepancy.
We suggest a tailor-made surgical guide is useful for cup insertion as it provides more reliable cup insertion compared with conventional methods in terms of the rate of the outlier of the range within 10°from the preoperatively estimated alignment of the cup (conventional technique, 23.7%; the surgical guide, 0%) and without requiring an excessive amount of time.
